Upon activation, polymorphonuclear leucocytes (PMN) release bactericidal/permability-increasing protein, (BPI) from their azurophil granules. BPI selectively binds to the lipopolysaccharide (LPS) on gram-negative bacteria and induces their death. This study examined plasma BPI concentration levels in healthy newborns and in newborns with clinical sepsis, and the ability of PMN from preterm and term infants to release BPI. We also studied the release of myeloperoxidase (MPO), and the surface expression of adhesion molecule CD11b on PMN. In infants with clinical sepsis, plasma BPI concentration was higher, 27.8 g/L [8.6 -883; median (range)] (n ϭ 11), than in healthy term infants 8.9 g/L (3.9 -179) (n ϭ 17), and in adults 7.3 g/L (0.7 -18.4) (n ϭ 15); p ϭ 0.014, Kruskal-Wallis. In preterm infants (n ϭ 8), the ability of PMN to release BPI in vitro after stimulation with PMA was 8.8, in term infants it was 15.9 (n ϭ 29; p Ͼ 0.05 vs. preterm infants) and in adults 23.4 ng/10 6 PMN (n ϭ 15; p ϭ 0.024 and p Ͼ 0.05 vs. preterm and term infants, respectively Newborn infants, especially those born prematurely, are at risk for overwhelming bacterial infections. A number of immaturities in the host defense system have been reported in newborn infants. Among the immune mechanisms that apparently function suboptimally are the PMN (1). PMN contain multiple antibiotic proteins such as BPI, which is found in human PMN and eosinophils. BPI selectively binds to the LPS on the outer membrane of Gramnegative bacteria, causing immediate growth arrest followed by irreversible damage and then the death of the bacterium (2). BPI also blocks the endotoxic effects of LPS and promotes phagocytosis of BPI-coated bacteria (3, 4).
Newborn infants, especially those born prematurely, are at risk for overwhelming bacterial infections. A number of immaturities in the host defense system have been reported in newborn infants. Among the immune mechanisms that apparently function suboptimally are the PMN (1) . PMN contain multiple antibiotic proteins such as BPI, which is found in human PMN and eosinophils. BPI selectively binds to the LPS on the outer membrane of Gramnegative bacteria, causing immediate growth arrest followed by irreversible damage and then the death of the bacterium (2) . BPI also blocks the endotoxic effects of LPS and promotes phagocytosis of BPI-coated bacteria (3, 4) .
BPI has been localized to azurophil granules, where its hydrophobic C-terminal end is believed to anchor it to the granule membrane. Studies of PMN conducted in vitro suggest that BPI is capable of acting against Gram-negative bacteria in the intracellular environment. Data on isolated cells stimulated to secrete granule contents in vitro and on plasma derived from animals and humans with sepsis in vivo have demonstrated that a portion of cellular BPI stores is released from stimulated PMN (5) (6) (7) (8) (9) . Recent clinical studies of recombinant BPI as a therapeutic agent in the treatment of severe meningococcemia have suggested a beneficial effect (10, 11) .
Another component of the azurophilic granules of neutrophils is MPO, an enzyme that uses H 2 O 2 to oxidize chloride, bromide, iodide, and thiocyanate to their respective hypohalous acids, contributing to microbicidal activity. MPO, a heme protein that is a major component of azurophil granules of PMN and monocytes, is necessary for the effects of the oxygen-dependent microbicidal system (12, 13) .
Neutrophil activation is characterized by an increase in CD11b/CD18 complex (Mac-1, ␣ M ␤ 2 , CR3) density on neutrophils (14) . CD11b/CD18 derives from translocation of the intracellular storage granules, i.e. secretory vesicles and specific granules including gelatinase granules to the cell surface (15) .
In nonstimulated neutrophils, only 5% of the total cell content of CD11b/CD18 complexes is expressed on the cell surface, whereas 75% is expressed as membrane components of specific granules and 20% as membrane components of secretory vesicles (16) . A strong neutrophil agonist such as N-formyl-methionyl-leucyl-phenylalanine (fMLP) promotes exocytosis of secretory vesicles and also, in part, of specific granules (16) .
The ability of the PMN to release BPI has not yet, to our knowledge, been studied in the newborn. Recently, it has been shown that intracellular BPI content is three-to four-fold higher in adult neutrophils than in newborn neutrophils (17) . This may contribute to the increased incidence of Gramnegative sepsis among newborn infants.
The aim of this study was to investigate the ability of PMN of preterm and term infants to release BPI. To determine whether diminished BPI release reflected a generally diminished ability of preterm neutrophils to release azurophil granule contents, we compared release of MPO, another azurophil granule-derived protein. To determine whether mobilization of additional granule compartments differed between our study populations, we measured surface expression of CD11b.
MATERIALS AND METHODS
The study protocol was approved by the institutional review board, and informed consent was obtained from subjects or their parents. The study was carried out between September 1998 and July 1999 and included healthy term newborn infants (n ϭ 46), prematurely born infants (n ϭ 21), term newborn infants with clinical early-onset sepsis (n ϭ 11), and healthy adult volunteers (n ϭ 15). Cord blood samples were obtained from 21 preterm infants (12 males, 9 females) at a mean gestational age of 29.5 Ϯ 2.1 wk (mean Ϯ SD), birth weight 1129 Ϯ 334 g, and from 29 term infants (14 males, 15 female), gestational age 39.8 Ϯ 1.2 wk, birth weight 3640 Ϯ 567 g. Ten of the 21 preterm infants and 15 of the 29 term infants were born by cesarean section.
Postnatal samples were obtained from 11 infants with clinical sepsis, and from 17 healthy term infants, born after uncomplicated pregnancy and delivery, who had mild physiologic hyperbilirubinemia and did not receive phototherapy. For clinical characteristics, see Table 1 .
The diagnosis of clinical early-onset sepsis was made on the basis of clinical signs consistent with infection, concentration of plasma C-reactive protein Ͼ50 mg/L during the first 3 d of life, and no other diseases present. Clinical signs were divided into five categories: temperature instability (hypothermia, hyperthermia); respiratory distress (grunting, intercostal retractions, apnea, cyanosis); cardiovascular (tachycardia, bradycardia, poor perfusion, shock); neurologic (hypotonia, lethargy); and gastrointestinal (feeding intolerance, distension). A blood sample for bacterial culture requested by the clinician (not involved in this study) was obtained from each neonate in this group. The symptoms were recorded by nursing staff members in the neonatal unit. Blood leukocyte count, platelet count, and serum C-reactive protein concentration were determined at the request of the clinicians at the initial evaluation and, during the subsequent 3 d, on the basis of the clinical picture.
The samples for plasma BPI determination were collected concurrently with clinical samples at onset of symptoms and always before administration of antimicrobials. All the newborns with clinical sepsis received antimicrobials for 6 -7 d, and none received corticosteroids.
Blood samples. Each cord blood sample was aspirated from the umbilical cord vein immediately after delivery. The postnatal samples and samples from 15 adults were drawn by venipuncture. To study basal plasma BPI and neutrophil CD11b expression, two portions of blood sample were placed into a pyrogen-free tube containing citrate phosphate dextrose (Baxter Health Care Ltd., Norfolk, U.K.; 0.14 mL/mL blood), which was immediately placed in an ice-water bath to minimize neutrophil activation ex vivo. Within 30 min, the plasma was separated by centrifugation at 4°C and stored at Ϫ70°C until analysis. Because the time of blood storage and its handling strongly influences BPI release, each blood sample was handled identically.
Stimulation of neutrophils with PMA and fMLP. To study the ability of PMN to release BPI and MPO, two portions of 1 mL blood were anticoagulated and rapidly placed into a 37°C water bath and immediately incubated with PMA (final concentration 500 ng/mL). After incubation, the sample was cooled at 0°C. The supernatant was then separated and stored as described above. The whole process from the collection through the storing of the sample took 20 -30 min. To study the ability of PMN to up-regulate CD11b expression, an aliquot of working solution of fMLP (2.5 L, final concentration 10 Ϫ6 M, from Sigma Chemical, St. Louis, MO, U.S.A.) was added to a 25-L aliquot of blood sample kept at 37°C and further incubated at 37°C for 10 min. After incubation, the sample was kept at 0°C until staining for flow cytometry.
Because the minimum whole blood volume of 2.5 mL was required to determine concurrent basal plasma and supernatant Determination of CD11b expression by flow cytometry. Neutrophil CD11b expression was assessed as described previously (19, 20) . fMLP-stimulated and nonstimulated samples, both at 0°C, were processed for flow cytometry within 1 h. Neutrophils were labeled with saturating concentrations of the R-phycoerythrin conjugate of mouse anti-CD11b IgG1 antibody, clone 2LPM19c, and its control antibody Aspergillus niger glucose oxidase IgG1-R-phycoerythrin, clone DAK-GO1, purchased from DAKO (Glostrup, Denmark). After labeling, contaminating erythrocytes were lysed by addition of 2 mL of a 1/10 diluted ice-cold fluorescence-activated cell sorter (FACS) lysing solution (BD Biosciences, San Jose, CA, U.S.A.). After a 3-min incubation on ice, the leukocytes were centrifuged for 5 min at 4°C at 1400 ϫ g, and a second incubation with 2 mL of FACS lysing solution was performed for 5 min at room temperature. After centrifugation, leukocytes were resuspended in 1% formalin at 0°C. A FACScan flow cytometer (BD Biosciences) and CellQuest analysis software (BD Biosciences) were used for the acquisition and analysis of the data. Neutrophils were identified on the basis of their light-scattering properties. For each sample, 5000 events were recorded. CD11b expression is reported in relative fluorescence units (RFU), i.e. as the mean channel of the positive fluorescing cell population.
Statistical analysis. The significance of difference between the groups was determined by Kruskal-Wallis ANOVA. Two-group comparisons were done by the Mann-Whitney U test, and the p values were corrected by use of the Bonferroni test, if not otherwise indicated. Probabilities were regarded as statistically significant at the 0.05 level. Results are expressed as medians (ranges). To examine the correlation between PMN count and BPI, Spearman's rank correlation was used. All calculations were done with StatView 4.1 (Abacus Concepts, Berkeley, CA, U.S.A.).
RESULTS

BPI concentrations in plasma.
The results in Figure 1A show that the BPI concentration of infants with clinical sepsis was significantly higher than that of healthy term infants (n ϭ 11, p ϭ 0.014). The plasma BPI concentrations were as follows: 5. (n ϭ 11) . The difference between these groups was significant (p ϭ 0.014, KruskalWallis ANOVA). The diagnosis of clinical early-onset sepsis was made by a clinician not involved in this study. There were no blood culture positive infections among the infants with clinical sepsis. White blood cell count was 10.0 (4 -17) 10 9 /L in the sepsis group, and no differential was performed.
Neutrophil counts. The PMN count in the cord blood of preterm infants, 1.1 (0.7-3.1) 10 9 /L, was significantly lower than in term infants, 5.1 (2.0 -16.5) 10 9 /L, p Ͻ 0.001, and also lower than in adults, 2.0 (0.7-6.3) 10 9 /L, p ϭ 0.036. The difference between these groups was significant (p Ͻ 0.001, ANOVA).
Supernatant BPI. After stimulation with PMA, the BPI concentrations of the culture supernatants were 11. The BPI/PMN ratio (ng/10 6 PMN) for preterm cord blood was significantly lower than that for healthy adults (8.8 versus 23.4) (Fig. 1B) .
Analytical recovery. The analytical recovery of the BPI assay was 97.2 Ϯ 11.2% (mean Ϯ SD). The recoveries for stimulated and nonstimulated plasma did not differ between the groups. Values of the preterm infants' samples were 95.2 Ϯ 3.7% for PMN-stimulated and 86.3 Ϯ 3.8% for nonstimulated plasma. For healthy term infants, the values were 116.2 Ϯ 7.4% and 91.0 Ϯ 9.5%, and for adults 99.8 Ϯ 5.2% and 92.6 Ϯ 1.7%, respectively.
To determine whether diminished BPI release reflected a generally diminished ability of preterm neutrophils to release azurophil granule contents, we compared release of MPO, another azurophil granule-derived protein. To determine whether mobilization of additional granule compartments differed between our study populations, we measured surface expression of CD11b.
Supernatant MPO. After stimulation with PMA, the concentrations in the culture supernatants were 28. Basal and fMLP-stimulated neutrophil CD11b expression levels. Basal neutrophil CD11b expression levels were comparable in the cord blood of preterm infants, 123 RFU (81-173 RFU), in the cord blood of term infants, 107 RFU (55-235 RFU), in healthy term infants at the age of 2-5 d, 116 RFU (76 -145 RFU), and in adults, 114 RFU (57-237 RFU). In infants with clinical sepsis, neutrophil CD11b level was higher, 292 RFU (234 -403 RFU) than the basal CD11b expression levels in healthy term infants (p ϭ 0.0001).
fMLP-stimulated PMN CD11b expression in preterm cord blood, 1071 RFU (552-1286 RFU), and in term cord blood, 918 RFU (567-1472 RFU), were on the same level, but significantly lower than that in adult blood, 1592 RFU (973-1946 RFU); p Ͻ 0.001, Kruskal-Wallis.
DISCUSSION
These results show that newborn infants with clinical earlyonset sepsis had significantly elevated plasma levels of BPI, levels nearly comparable to those in older children with sepsis syndrome (9) and in adults with bacteremia (7) or pneumonia (8) . These findings are intriguing, because the total intracellular BPI content of term newborn PMN is lower than that of adult PMN (17) . In accordance with this, the results in the present study showed that, after stimulation with PMA, the BPI/PMN ratio of preterm, but not of term, cord blood was significantly lower than that of adult blood. Taken together, our findings suggest that, in terms of the quantity of released BPI, term newborn infants' levels are not severely depressed, whereas preterm infants have lower capacity to release BPI. In preterm and term infants, on the other hand, the ability of PMN to release MPO, an oxygen-dependent bactericidal protein, seems not to differ from that of adults, suggesting that diminished BPI release is specific to this patient population and may reflect diminished intracellular BPI stores, rather than a global impairment in release of azurophil granule contents. Overall, our results, and those of Levy et al. (17) would suggest an agedependent maturation in the ability of human neutrophils to mobilize BPI to sites of infection. Although the clinical importance of our findings requires further investigation, our study raises the possibility that diminished BPI release in preterm infants may contribute to their relatively high incidence of and morbidity and mortality due to Gram-negative bacterial sepsis.
The presence of an inhibitor of BPI detection in PMAtreated preterm cord blood was ruled out by a recovery test. To determine whether diminished BPI release reflected a generally diminished ability of preterm neutrophils to release azurophil granule contents, we compared it with release of MPO, another azurophil granule-derived protein. To determine whether mobilization of additional granule compartments differed between our study populations, we measured surface expression of CD11b. In addition to the finding of a lower cell content of BPI in newborn infants compared with that of adults, newborn infants have also lower total cell content of CD11b/CD18 complexes (21, 22) . We observed that both preterm and term infants show a reduced ability to enhance CD11b expression on stimulation with fMLP. This is in harmony with previous findings of lower CD11b expression levels in these infants after fMLP stimulation (23) (24) (25) (26) (27) (28) (29) .
BPI competes with LBP for endotoxin binding and functions as an antagonist of LBP-endotoxin interactions (30, 31) . LBP is produced constitutively, and its large molar excess in normal plasma is considered to favor endotoxin-binding with LBP rather than with BPI (32) . Plasma BPI concentrations are probably too low to neutralize LPS in some patients with sepsis; however, at infected sites, a molar excess of BPI is present, favoring neutralization of LPS (3). At least some patients with Gram-negative bacterial infection apparently benefit from treatment with recombinant BPI, as suggested by clinical studies of children with meningococcal sepsis (10, 11) .
In this study, some infections were most likely caused by Gram-positive bacteria among the septic infants with increased plasma BPI concentrations, inasmuch as Gram-positive bacteria are the most common pathogens in early-onset neonatal sepsis (33) . Increased plasma BPI levels in both Gram-negative and -positive sepsis can exist in children and in adults (7, 9, 34) .
In neonates, bacterial infection is the most common cause of systemic inflammatory response syndrome. As a part of their systemic inflammatory reaction, neutrophils are activated and release a portion of their granule proteins into the plasma. Our neonates in the sepsis group had clinical sepsis; they showed no evidence of any additional noninfectious neonatal disease such as respiratory distress syndrome or aspiration syndrome. They all met the criteria of clinical sepsis. Although probably not specific for bacterial infection, the increased plasma BPI 673 may provide indirect evidence for the presence of infection in neonates with clinical symptoms of unknown cause.
Plasma BPI levels were elevated in our study at the time of the initial evaluation. This broad range of BPI elevation is consistent with previous studies indicating that plasma BPI is elevated during the first day of sepsis (9) . In experimental endotoxemia, plasma BPI levels rose both at early (Ͻ2 h) and later (Ͼ5 h) times after administration of LPS and did not appear to fit the acute-phase response pattern (34) . Furthermore, in septic adult patients, median plasma BPI levels either did (7, 34) or did not (35) differ from those of controls. The laboratory diagnosis of infection in newborn infants is difficult. The routine laboratory markers of infection show poor specificity and respond far too slowly to improve the diagnosis of infection in clinical practice (36) . The possibility that BPI can serve as a marker of systemic inflammation and bacterial infection in the newborn infant warrants further study.
Our study suggests a diminished capacity of premature newborns to mobilize BPI to sites of infection. Recently, administration of recombinant BPI to newborn cord blood showed beneficial effects (37) , raising the possibility that supplementing BPI may be of benefit to premature newborns with Gram-negative bacteremia, endotoxemia, or both.
